Specific binding sites for five proteins of the Escherichia coli 30S ribosomal subunit have been located within the 16S RNA. The sites are structurally diverse and range in size from 40 to 500 nucleotides; their functional integrity appears to depend upon both the secondary structure and conformation of the RNA molecule. Evidence is presented which indicates that additional proteins interact with the RNA at later stages of subunit assembly.
INTRODUCTION
Interactions between ribosomal proteins and ribosomal RNA are essential to the proper physical assembly of the ribosome and play a critical role in maintaining the mature particle in its biologically active configuration. It is now generally agreed that of the 21 proteins present in the 30S ribosomal subunit of Escherichia coli, S4, S7, S8, S15, S17and S20 independently associate with specific binding sites in the 16S RNA Other proteins of the 30S subunit may be able to interact directly, although not independently, with the ribosomal RNA as well. Investigation of the size, distribution and nucleotide sequence of the sites in the RNA to which ribosomal proteins bind is thus of immediate relevance to the understanding of ribosome assembly and architecture.
It has been reported previously that the binding sites for proteins S4, S8, S15 and S20 are located within a segment of 900 nucleotides that encompasses the entire 5'-half of the 16S RNA . Moreover, protein SA was found to associate with a sequence of 500 nucleotides situated at the 5'-end of this seg-C Q ment ' , whereas protein S15 was able to bind to a sequence of 150 nucleotides that begins some 600 residues from its 5'-terminus . By contrast, the attachment site for protein S7 was determined to lie within the 600 3'-terminal nucleotides of the 16S RNA molecule 5 .
As a result of recent progress in the nucleotide sequence 9 analysis of the 16S RNA and in the isolation of specific RNA fragments, we are now able to define with greater precision the location and structural characteristics of the protein binding sites within the 16S RNA molecule. Two different experimental approaches have been used in the present studies. In the first or sedimentation method, free 16S RNA as well as protein-16S RNA complexes were subjected to partial RNase hydrolysis, and the digestion products were separated by sucrose gradient centrifugation . The nucleotide sequences of the RNA fragments obtained were analyzed by fingerprinting and fragments of welldefined structure were systematically tested for their ability to interact with each of the RNA-binding proteins . Complex formation indicated that the RNA fragment contained a binding site for the protein in question and the interaction was judged to be specific when the molar ratio of protein and RNA in the complex attained a saturation value of 1:1 or less in the presence of excess protein. In the second or electrophoretic method, polyacrylamide gels were used to isolate ribonucleoprotein particles from limited RNase digests of protein-16S RNA complexes ' . The RNA components of these particles, which had been protected from hydrolysis by the attached protein, were then dissociated in urea and SDS and further purified by a second cycle of gel electrophoresis in the presence of urea. ) and solid ( ) lines, respectively. The nucleotide sequence and proposed secondary structure were established as described in the preceding paper^. Dotted lines denote portions of the RNA in which the primary structure is not entirely known, although the oligonucleotide composition and total number of residues present have been determined in all cases. Fragments specific for S4 generally contained the oligonucleotide UUAAUCG from section C" in molar amounts; their 3'-termini could not be more accurately defined, however, since the sequence of section C" has not yet been completed. It is of interest that these fragments were generally characterized by a low yield of oligonucleotides from sections Q through B. The arrow indicates the discontinuity between RNA fragments 12S-I and 12S-II which, after electrophoretic fractionation, can simultaneously interact with protein S4 (see Fig. 2 and text). Note that the scission occurs within the unpaired loop of section G in the labile region of the S4-specific segment. Fragments 12S-I and 12S-II both represent continuous sequences and contain no "hidden breaks". Although a limited number of scissions reproducibly occurred in the RNA chain during production of other fragments specific for both S4 and S20, their locations are not shown in the diagram for the sake of simplicity. The cuts were apparently masked by the RNA secondary structure under the conditions used for their isolation and subfragments were not released; the subfragtnents could, however, be separated by polyacrylamide gel electrophoresis under denaturing conditions (see Fig. 3 ). Limited hydrolysis of the 16S RNA with RNase T has been found to yield a fragment of about 12S which, after purification, was able to specifically bind proteins S4, S8, S15 and S20 '
The 12S RNA extends from near the 5'-terminus of the 16S RNA to section 0 and it contains about 900 residues. Since this fragment contained several "hidden breaks", subfragments were purified from it by gel electrophoresis under denaturing conditions ( Location of binding site for protein S20
Pancreatic RNase digestion of a complex resulting from the incubation of 16S RNA with protein S20 in the presence of proteins S16 and S17 produced a ribonucleoprotein particle containing S20 and one or both of the other proteins . A fingerprint of the RNA extracted from the ribonucleoprotein appeared to be identical to that of the 9S RNA described above (see Fig. 1 ) .
Moreover, the fragment was found to reassociate specifically with S20 at a molar protein:RNA ratio of 1:1 when the S16 + S17
mixture was also present in the incubation mixture. The present experiments therefore show that the binding sites for protein S20 and, most likely, for protein S17 as well, are located within the same region of the 16S RNA as the binding site for protein SA. Protein S17 has been reported to interact independently ion c 7,17
with the 16S RNA , whereas the association of S16 was found to require the presence of both S4 and S20
RNA sequences that interact with protein S20 were more pre- 6 . About 600 ng of the 12S RNA were applied to a 10-15% compound polyacrylamide slab gel containing 6 M urea and separated into subfragments by electrophoresis using the technique of Ehresmann e_t a_l.^. Migration was from top to bottom. (b) and (c). The RNA fragments in bands 12S-I and 12S-II were eluted from the gel by diffusion 1^, concentrated by ethanol precipitation, and aliquots fingerprinted by two-demensional electrophoresis 2 " after complete digestion 27 with T^ RNase in the presence of alkaline phosphatase . 1. First dimension: cellulose acetate in 5% acetic acid -7 M urea, pH 3.5. 2. Second dimension: DEAE-paper in 1% formic acid. Oligonucleotides were identified by their positions and by the products obtained from them upon digestion with pancreatic RNase. Fragments 12S-I extends from the sequence UUUG in section L to the sequence UCUG in section G. Fragment 12S-II contains the sequence ACCAG at the beginning of section M and continues through section I", but does not extend into section C". In the examples shown, fragment 12S-I was 90% pure whereas fragment 12S-II was about 70% pure. Contamination of the latter fragment arose mainly from sections C and C". Asterisks denote heterogeneities.
See also Fig. 1 . 3c ) and each of them was subsequently analyzed by fingerprinting . The subfragments were found to comprise a colinear set from a 270-nucleotide sequence extending from section H" to near the 3'end of section M (Fig. 1 ) . In addition, after deproteinization of the initial ribonucleoprotein fragment, the resulting RNA was specifically retained by protein S20 on nitrocellulose membrane filters. The RNA segment protected by S20 represents the middle portion of the S4-specific region and is shorter than it by about 60 residues at the 5'-end and 170 residues at the 3'-end.
Location of binding sites for proteins S15 and S8
The binding sites for proteins S15 and S8 in the 16S RNA are intimately related to one another as the scheme in Fig. 4 shows and they will therefore be discussed together. The position of the binding site for protein S15 was initially inferred from its ability to interact with a AS RNA fragment containing sections C, C , and C^ which was isolated by the sedimentation 5 technique fron T. RNase digests of 16S RNA . A similar, partially-protected RNA fragment of 5S arises upon hydrolysis of the S15-16S RNA complex with pancreatic RNase and, if S8 is present as well in the original ribonucleoprotein, it is recovered in the 5S fragment complex together with S15 after RNase 18 digestion . The 5S RNA, which encompasses 150 nucleotides, has been freed of bound protein by phenol extraction and purified on sucrose gradients. In this state, it can reassociate specifically with freshly-added protein S15 with a binding 1 8 stoichiotnetry of 0.75 Tioles protein per mole RNA . Moreover, purified 5S RNA can select and bind proteins S8 and S15 from an 1 8 unfractionated mixture of 30S subunit proteins . It is thus Figure 3 . Isolation of RNA fragments protected by protein S20.
(a). The complex of S20 with 32 P-labelled 16S RNA was digested with T^ RNase at an enzyme:substrate ratio of 1:20 at 0°C in TMK buffer (see Fig. 1 ) . The products were separated by electrophoresis on an 8% polyacrylamide gel in 0.005 M Tris-acetate, pH 8.0, and 0.005 M Mg acetate 11 . Migration was from top to bottom. RNA bands were located by autoradiography. PF marks the band containing protein S20 and associated RNA fragments, (b) Same as (a) except that the protein was omitted. Note that there is no band at the positon of PF. (c) Band PF was excised from the gel shown in (a), soaked in 7 M urea to dissociate the RNA-protein complex, and polymerized into a second gel consisting of 127 O polyacrylamide and 7M urea according to Branlant et al.^2. The layer surrounding the sample contained in addition 0.1% SDS to facilitate separation of protein and RNA. The RNA fragments were then fractionated by electrophoresis into several bands, and the nucleotide sequences in each were identified by fingerprinting 11 . Letters to the right of the five largest bands indicate the sections of the 16S RNA that were found to be present (see Fig. 1 ) . In one experiment, the protection of 28 nucleotides from section L, at the 5'-end of the 16S RNA, was also noted. (Fig. 4 ) . Section C consists of a long hairpin loop with an extensively hydrogen-bonded stem;
sections C' and C ' are believed to comprise the base-paired 9 stem of an adjacent loop • The electrophoretic method has been used to provide further information on the location of the binding sites for S15 and S8.
A ribonucleoprotein particle produced by pancreatic RNase digestion of the S15-16S RNA complex has been isolated on polyacrylamide gels . The RNA sequences associated with S15 arise from sections C, C' and C' as in the previous experiment, although only the lower portions of the two putative hairpin loops are protected in this case (Fig. 4 ) . After phenol extraction, the protected RNA fragments were shown to interact with protein S15 by the membrane filter assay Figure U. Primary and secondary structures of nucleotide sequences within the 16S RNA protected from nuclease attack by proteins S8, S15, S6 and S18. RNA sequences enclosed within the various boxes were wholly or partially protected from pancreatic RNase digestion by proteins S8 ( ) , S15 ( ) , S8 + S15 ( ) or S8 + S15 + S6 + S18 ( ) . Fingerprints of two of these fragments are presented in Fig. 5 and their structures are discussed in detail elsewherell>18,20. Whereas internal scissions within the two complementary sequences protected by S8 were minimal (see Fig. 5 ) , a small number of "hidden breaks" were detected in each of the other fragments. For claity, their positons have not been shown except for a major cut in section D' (arrow). Although not indicated, protein S15 confers weak protection upon the sequence from the left side of section C which is strongly protected by protein S8. The basepairing among sections Ci, K' and C;? must remain hypothetical since it has been predicated upon incomplete sequence data; however, it is consistent with all analytical information presently available. Dotted lines designate portions of the nucleotide sequence in which the oligonucleotides present are known, but not conclusively ordered. In addition, the overlaps between sections Ci and K 1 , and between sections c{ and D', have not yet been formally established. Since the RNA fragments delineated in the scheme were found to reassociate specifically with the proteins which protect them from RNase attack, it is believed that they comprise part or all of the respective protein binding sites. 
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jjl Ui CO 00 ipjeasay Figure 5 . Fingerprints of RNA fragments specific to protein S8 and to proteins S8, S15, S6 and S18. (a) Fragment recovered following pancreatic RNase digestion of the complex between S8 and -^^P-labelled 16S RNA at an enzyme: substrate ratio of 1:30 in TMK buffer at 0°C. The protected RNA sequences were isolated by the two-step electrophoretic technique described in the legend to Fig. 3 except that the first electrophoresis buffer contained 0.03 M Tris-acetate, pH 7.8, and 0.0005 M Mg acetate 11 . After complete Tj RNase digestion, the fragment was fingerprinted by the method of Sanger and co-workers 26.27 a s outlined in the legend to Fig. 2 . Two of the T^ oligonucleotides, AUACUG and CAAG, were partially but reproducibly cut by pancreatic RNase during fragment preparation to yield the products AU + ACUG and C + AAG, respectively, which can be seen in the fingerprint. Although such cuts in a fraction of the RNA fragments might be expected to liberate sequences which run faster than the large protected segments during electrophoresis on the polyacrylamide-urea gel, their presence in the fingerprint suggests that they remain associated with the main fragments because of an unusually stable secondary structure in this region of the 16S RNA molecule. (b) Fragment produced by RNase digestion of a complex containing 16S RNA and proteins S8, S15, S6 and S18. Twenty-five kig [ 3 2 P ] 16S RNA were mixed with two molar equivalents of each protein in TMK buffer and incubated at 0°C for 30 min. Reaction mixtures were treated with 5 |ig pancreatic RNase A for 5 min at 30°C, chilled, and fractionated by sucrose gradient centrifugation for 16 hr at 32,000 rev/min in an IEC SB283 rotor 2 0. The protein-RNA fragment complex, which sedimented at 7S, was deproteinized by phenol extraction, precipitated with ethanol and fingerprinted as described in Fig. 2 . Note that all the Tj oligonucleotides present in (a) can also be detected in (b). The occurrence of the oligonucleotide AAACG results from a scission at the top of the loop in section D' (see Fig. 4 ) . The sequence UCCACG from section D' is present in very low yield. A ribonucleoprotein arising from pancreatic RNase digestion of a complex between 16S RNA and proteins S8, S15, S6 and S18
was isolated by the sedimentation technique . In addition to the four proteins, the particle contained an RNA fragment of approximately 7S that extended from section C to the middle of section 0 (Fig. 4 ) . Moreover, the fingerprint of this fragment, presented in Fig. 5b , revealed the presence of section K 1 , a partially single-stranded sequence that lies at the top of the hypothetical hairpin loop of which sections C. and C ' comprise the stem. The implications of this finding will be discussed below. After deproteinization by phenol, the purified 7S RNA was able to bind S8, S15, S6 and S18, but no other proteins, 20 from a mixture of unfractionated 30S subunit proteins An RNA fragment with essentially the same nucleotide sequence as the 8S RNA has been isolated in association with proteins S7, S9, S10, S13 and S19 following mild RNase digestion of unfolded 21 30S subunits and it is possible that the additional proteins promote a more stable interaction between S7 and its binding site. Figure 6 . Location of protein binding sites in the 16S RNA. The 16S molecule is depicted schematically at the top of the diagram. The molecule is divided into sections, designated by upper case letters, that have been defined by the primary structure analysis of Ehresmann e£ a_l". The scale above the 16SRNA denotes distances in nucleotide residues from the 5'-terminus of the molecule. The bars in the lower part of the diagram indicate the relative positions and lengths of the RNA fragments that specifically bind proteins S4, S7, S8, and S20 of the 30S ribosomal subunit. Fragments capable of interacting simultaneously with proteins S8 + S15 and proteins S8 + S15 + S6 + S18 are also located in the scheme. Crosshatched regions within the bars indicate oligonucleotides recovered in reduced yield. ^4. (a) 9S fragment produced by pancreatic RNase digestion of 16S RNA or of protein-16S RNA complexes . (b) Protected fragment isolated from pancreatic RNase digest of S4-16S RNA complex by gel electrophoresis!2. (c) Two fragments isolated by polyacrylamide-urea gel fractionation of the 12S RNA fragment 16 , left, 12S-I, right, 12S-II (see Fig. 2 ). S20 (a) same as for S4. (b) Protected RNA recovered from Tj RNase digest of S2O-16S RNA complex 11 (see Fig.  3 ).
S_8. Protected fragment produced by pancreatic RNase hydrolysis of S8-16S RNA complex 11 (see Fig. 5 ). S15. Protected fragment isolated from pancreatic RNase digest of S15-16S RNA complex 1 !. S8, S15 5S RNA resulting from pancreatic RNase digestion of S8, S15-16S RNA complex 18 . S8, S15, S6, S18. RNA segments protected from pancreatic RNase hydrolysis in the complex of 16S RNA with proteins S8, S15, S6 and S18 20 (see The isolation and nucleotide sequence analysis of a variety of specific fragments of the 16S RNA has enabled us to locate with some precision the binding sites for several proteins of the 30S ribosomal subunit. A scheme summarizing our results is presented in Fig. 6 . It is evident that there is marked overlapping of the RNA segments that contain the binding sites both for proteins S4 and S20 and for proteins S8 and S15.
In particular, proteins S4 and S20 interact with sequences within the 500 5'-terminal residues of the 16S RNA and it is likely that protein S17 can attach within this portion of the molecule as well. The binding site for 50S subunit protein L24 has been located within a segment of similar length at the 5'-end of the 22 23S RNA and it will be of interest to see whether other proteins of the large subunit bind within the same region.
Two criteria were used to establish that a given RNA fragment contained binding sites for one or more specific proteins. In addition to providing sites of attachment for the six proteins discussed above, the 16S RNA may well participate in other RNA-protein interactions during ribosomal subunit assembly.
In particular, it is quite possible that proteins unable to bind independently to the 16S RNA may nonetheless be able to interact directly with specific sites in the nucleic acid molecule once other proteins are attached. Evidence that proteins S6 and S18
take part in such interactions is provided by experiments described in the present report. Although neither S6 nor S18 can bind independently to the 16S RNA, both will form a stable complex with the RNA molecule if S8 and S15 are also bound. When a complex containing all four proteins is treated with RNase, twice as much RNA is shielded from digestion as when S8 and S15 18 20 alone are present ' . Although other explanations can be imagined, it is likely that the increased protection arises from direct interactions of S6 and S18 with the additional nucleotide sequences recovered, because the presence of these sequences is 20 necessary for reassociation of S6 and S18 with the RNA fragment . Since the additonal protected sequences lie adjacent to those containing the binding sites for proteins S8 and S15, it is possible that the independent attachment of these two proteins imposes specific conformational constraints on nearby segments of the RNA chain that lead to the organization of binding sites accessible to proteins S6 and S18. The cooperative mechanism envisioned here could play a major role in correctly positioning proteins within the subunit structure during the assembly process.
